The thermal behavior of a mixture of recycled polyolefins (PE/PP mix), variously colored recycled polyolefins, recycled polyolefin blends and recycled polyolefin/PET blends was analyzed by thermogravimetry. Atmospheres of nitrogen and synthetic air were used to compare the effects of inert and oxidative medium. Four characteristic temperatures, T 1 , T 2 , T 3 and T 4 , related to oxidative processes and atmospheric conditions, were defined. Relationships between T 1 , T 2 , T 3 and T 4 and comparing pigmented and transparent material allow assessing the effect of different pigments on volatilization, oxidation and onset temperatures of decomposition processes. These analyses provide preliminary parameters for selecting acceptable processing temperature conditions of recycled household and engineering plastics, and provide a few criteria to select colored recycled polyolefins.
Introduction
Polyolefins and polyesters are two of the most widely consumed classes of plastics available in large amounts from post-consumer wastes. Polyolefins, such as high-density polyethylene (HDPE), lowdensity polyethylene (LDPE) and polypropylene (PP) are mainly used in pipes, films, blown bottles, and other packaging. Polyesters, such as poly (ethylene terephthalate) (PET) are widely used in carbonated soft drink bottles, textile fibers and films [1] [2] [3] . These plastics are usually recycled by one of the following processes 3 : chemical recycling, such as PET depolymerization to produce oligomers and/or monomers, or controlled polyolefin pyrolysis for fuel production; energy recycling, as in the burning of a polymer to utilize its heat content; or mechanical recycling, where a series of processing operations are carried out on plastics to produce secondary materials used to manufacture several types of articles, in which the original polymer structure is preserved.
A useful option in mechanical recycling is the blending of both recycled polyolefins and PET to produce a multi-phase polymer system with an acceptable balance of processability and good mechanical properties 2, 3 . High temperatures, mechanical stresses and the presence of oxygen may cause polymer degradation. Thermo-oxidative degradation involves formation of alkyl radicals that combine with oxygen to produce hydroperoxides, alkoxy and peroxy radicals. Recombination of these radicals produces volatile organic compounds (VOCs) such as hydrocarbons, alcohols, aldehydes, ketones, and carboxylic acids 4 . Thermal oxidation of polyolefin melts exposed to air results in changes in the infrared spectrum of these polymers. The products formed on thermolysis of PE hydroperoxides in a press are roughly the same as those formed during processing in open mixers. At 150 and 180 °C 5 , carbonyl and alcohol groups are the main products formed during thermolysis. Although the data were generated in the temperature range of 150 to 200 °C, the mechanism is assumed to hold up to 300 °C 6 . The decrease in hydroperoxide concentration becomes faster with increasing temperature, i.e., higher temperatures accelerate the polymer decomposition process 5, 6 . Another important fact is that the oxidation products formed in the presence of phenolic antioxidants are almost the same as those formed in the absence of phenols. However, in the presence of phenolic antioxidants 7 the proportion of carbonyls increased, whereas that of alcohol groups decreased.
Pigments affect thermal properties of polymers by promoting catalysis of oxidative reactions 8, 9 . A series of polyethylenes (LDPE, LLDPE, HDPE, UHMWPE) was studied by chemiluminescence to assess the effects of seven metal (Al, Zn, Ti, Mo, Mn, Fe and Cu) in the presence of triazine stabilizers on polymer thermal degradation 9 . The effects of the metals were seen to be different for each polymer. For example, for LDPE the order of catalytic activity for oxidative degradation was found to be Cu > Fe > Mo > Ti > Zn > Pb >> Al, whereas for HDPE the order was Cu > Fe > Zn > Pb > Mo > Ti >> Al 9 . Recycled polymers from urban wastes are a complex matrix of components that have passed through at least one life cycle, with a processing history different from that of virgin polymers. To blend polyolefins and PET, the processing temperature must be higher than the melt temperature of PET (~255 °C, for virgin material). However, this temperature should be sufficiently low to avoid either thermooxidative reactions or intensive volatilization which would lead to significant mass loss of the blend 10 . In this context, variation of mass loss with the temperature of recycled polymers plays an important role in determining processing temperature and may help to establish criteria to select recycled materials from urban wastes.
The aim of this study is to test a technique that enables the effects of different pigments on volatilization, oxidation and decomposition onset temperatures to be assessed within an acceptable range of plastic processing temperatures (from ambient temperature to 300 °C), and if possible to provide a number of criteria for selecting recyclable colored polyolefins.
The thermal behavior of a post-consumer mixture of polyolefins (PE/PP mix), variously colored recycled polyolefins, recycled polyolefin blends and recycled polyolefin/PET blends was analyzed by thermogravimetry. Nitrogen and synthetic air were used to compare the effects of inert and oxidative atmosphere, respectively.
Experimental

Materials
The following materials were used in this investigation: recycled post consumer mixed polyolefin bottles (polyethylene (PE), melting temperature, T m = 129.51 °C; and polypropylene (PP), T m = 159.77 °C) and poly (ethylene terephthalate) (PET), T m = 247.87 °C, soft drink bottles collected from urban solid waste; compatibilizer polypropylene grafted with maleic anhydride (MA) (PP-g-MA) (0.15% graft, Polybond 3002, Crompton); impact modifier poly ( ethylene-co-octene-1) (Engage 8100, Dupont Dow Elastomers); antioxidants Irganox 1010 (Ciba) and Irgafos 168 (Ciba); and light stabilizer Tinuvin 783 FDL (Ciba).
Sample preparation
Recycled plastics were ground and washed with detergent and water. PET was dried at 140 °C and polyolefins at 90 °C for 8 hours.
Polyolefin mixture (PE/PP mix) from soid waste was separated into portions by color and the percent mass of each fraction is shown in Table 1 . Minor components (3.7% of the mix including films and fibers of polyolefins) were not analyzed. Separated colored polyolefins and blends were milled in a manual mill. PE/PP mix and PET were milled in a cryogenic mill (CF Bantam, Micro Powder Systems).
Thermogravimetric measurements
Thermogravimetric analyses of each colored recycled polyolefin, PE/PP mix and blends were carried out in a TGA 2050 thermobalance from TA Instruments, Inc. The heating rate was set at 10 °C/min and between 5 and 13 mg of powdered sample was heated on a Pt pan from ambient temperature to 700 °C. The temperature range chosen for detailed discussions of the results was ambient to 300 °C, commonly used to process these blends.
Analyses in nitrogen atmosphere (N 2 ) were carried out with a furnace gas flow of 90 cm 3 /min and balance gas flow of 10 cm 3 /min. Analyses in synthetic air (Air) were carried out with a furnace gas flow of 50 cm 3 /min and balance nitrogen gas flow of 10 cm 3 /min.
Blend preparation
Polymers were blended in nitrogen atmosphere for 2.5 minutes, in a HAAKE Rheomix 600p torque rheometer. Total polymer mass was 40.0 g, mix chamber volume was 69 cm 3 and constant wall chamber temperature 260 °C. Roller type rotors with angular velocity of 40 rpm were used for the mixing.
Blend code names and respective compositions are listed below: Blend 1: 100% PE/PP mix; Blend 2: 85% PE/PP mix + 10% Engage 8100 + 5% PP-g-MA; Blend 3: 50% PE/PP mix + 35% PET + 10% Engage 8100 + 5% PP-g-MA. In all blend compositions 0.05 phr Irganox 1010, 0.10 phr Irgafos 168 and 0.6 phr Tinuvin 783 FDL were used.
These blends were used as reference, since in a previous study [ xx] , it was demonstrated that PE/PP mix can be blended with PET by using PP-g-MA as compatibilizer. Blend 2 and 3, containing PPg-MA and Engage 8100, showed improvements in the mechanical properties. The antioxidants were used to prevent any undesirable thermo-oxidative process during the blending process and they may hinder comparison with the samples without additives.
Results and Discussion
Typical thermogravimetric curves for a recycled polyolefin measured in synthetic air and nitrogen atmosphere are shown in Figure 1 . The increase in decomposition onset temperature from 231 °C (Synthetic Air) to 400 °C (Nitrogen) clearly shows that an inert atmosphere protects against polymer decomposition. A more detailed analysis of the results from the curves in Figure 1 was performed in the temperature range from ambient to 350 °C, as shown in Figure 2 .
It is clear in Figure 1 that irreversible degradation starts at around 400 °C in nitrogen atmosphere. However, the question is whether other thermal phenomena occur in the temperature range from ambient to 400 °C. Apparently, the ordinate scale used in Figure 1 is too small, but when an amplified scale is used, as shown in Figure 2b , two events can be detected at temperatures T 1 and T 2 below 300 °C. The same holds for the results obtained in synthetic air atmosphere, of which an amplified representation is shown in Figure 2a . In this figure, three events are seen to occur at temperatures T 1 , T 3 and T 4 , also below 300 °C. These observations corroborate those already reported in the literature [5] [6] [7] . At this point, it is important to evaluate whether these transformations correspond to real phisicochemical events or merely to equipment noise, taking into account the precision of the experimental measurements.
Assuming a precision of 0.001 mg for the thermogravimetric equipment, for 5.000 mg or 13.000 mg samples the smallest possible physical measurements for the system are (0.001 mg / 5.000 mg) x 100% = 0.02 wt. (%) or (0.001 mg / 13.000 mg) x 100% = 0.008 wt. (%). In Figure 2a and 2b, the mass variations of up 0.02% observed in the temperature range from ambient to 100-120 °C are thus (given the measurement precision) probably due to convective effects caused by the carrier gas, with no significant mass loss or gain by the samples. Based on this fact T 1 was defined as the intersection of the extrapolated baseline corresponding to 100% with the line tangent to the mass loss curve in the region of continuous mass reduction, as depicted in Figure 2 .
T 1 is the mass loss onset temperature (both in nitrogen and in synthetic air); therefore T 1 values were near the melting temperature of polyethylene, indicating possible onset of volatilization processes.
In nitrogen atmosphere (Figure 2b ), from T 1 , a monotonic decrease in mass loss can be seen which is accelerated from T 2 , indicating the probable onset of polymeric chain degradation and volatilization processes. Finally, from 400 °C (Figure 1) , a pronounced and irreversible decrease in the mass loss is seen, indicating probable onset of pyrolysis.
The temperature T 2 (Figure 2b) is the onset temperature of accelerated volatilization in nitrogen, probably due to the initial bulk polymer degradation and isolation of VOCs, oligomers, organic pigments, water, etc 4 . In this case T 2 , as depicted in Figure 2b , was determined as the intersection of the tangents to the mass loss curve in Regions II and III.
The temperature T 3 ( Figure 2a ) is the onset temperature for mass increase in synthetic air, due to intensive oxidation of the material and corresponds to the minimum observed in the TG curve.
In synthetic air (Figure 2a) , mass loss starts at T 1 , but at T 3 an initial mass gain can be observed, due to oxygen uptake which continuously increases to the maximum absorption at T 4 , followed by a pronounced and irreversible decrease in the mass loss, indicating probable onset of pyrolysis.
The TG curve observed represents the sum of mass loss and mass gain processes occurring in the polymer; ∆m ap is therefore an apparent mass gain. In Figure 2a , from T 3 on, the mass gain processes due to oxygen uptake are seen to overcome the mass loss processes in the same temperature range up to temperature T 4 , where the degradation processes balance the rate of oxygen uptake and irreversible degradation starts. The higher this apparent mass gain (∆m ap ) between T 3 and T 4 , the higher is the incorporation of oxygen into the polymer chains, yielding higher oxygen uptake.
In Table 1 are listed experimental values of ∆m ap , T 1 , T 2 , T 3 and T 4 , and the mass loss between ambient temperature and 260 °C obtained for all investigated samples, both in nitrogen and synthetic air atmospheres. Figure 3 shows apparent mass gain in synthetic air (∆m ap ), in the region between T 3 and T 4 , as a function of temperature T 4 . The chart shows that Brown, Gray, Transparent and White raw materials have higher weight gains than other materials which may reflect higher incorporation into the polymer chains of functional groups containing oxygen, indicating higher susceptibility towards thermo-oxidative degradation. It is therefore important to note that the transparent and white raw materials yield higher T 4 values. The raw materials in group III seem to achieve a good balance between mass gain and T 4 values.
The temperature T 4 corresponds to the peak in mass increase due to oxidation, observed only in synthetic air. T 4 is a measurement of resistance to thermo-oxidation of the polymers, since the higher T 4 , the higher will be the temperature limit for processing without a high level of degradation, which implies a wider polymer processing window. T 4 is related to several factors such as: the number of tertiary carbons in the polymer, which for polyethylenes is related to the number of branches on the polymer backbone and in polypropylene there is one tertiary carbon in each repeating unit; the content of substances slowing down the thermo-oxidation process, such as antioxidants in the polymer matrix, and amount of substances catalyzing thermo -oxidation reactions, for instance metals (iron, copper and zinc) [5] [6] [7] 9 . Figure 3 one may observe the following sequence of T 4 values for the investigated materials: Brown < Gray < Blue < PE/PP mix < Blend 1 < Transparent < White < Black < Blend 2 < Blend 3 < Yellow. The behavior of the polyolefin mix before processing (PE/ PP mix) shows an intermediate value of T 4 , relative to the separate constituents. This shows that low T 4 polymers, even when present in small amounts, affect the value of the mix property.
Using T 4 as a selection criterion for recyclable materials, it is suggested that low T 4 materials, in this case Brown and Gray are separated at a stage prior to polymer processing, in order to avoid propagation of thermo-oxidative degradation by materials with increased susceptibility towards degradation.
The recycled pigmented materials showing highest mass loss in synthetic air were Gray and Brown, indicating high susceptibility to oxidation and low thermal stability in synthetic air.
The effect on mass loss when the atmosphere is changed from synthetic air to nitrogen is clear ( Table 1) . As a rule, a nitrogen atmosphere inhibits degradation processes. Based on these results, nitrogen atmosphere was chosen to process Blends 1, 2 and 3.
It should be taken into account that the blends are constituted of raw materials that were processed at least twice (in the case of the polyolefins their life cycle and for the blends the processing described in this paper). If the reprocessing to form the blends is aggressive, the expected mass loss from room temperature to 260 °C, which can be seen in Table 1 for the air atmosphere, may be higher than that reported here, principally comparing the values for the blends with that observed for the polyolefins. The experiments showed that when passing to the next processing cycle, mass loss from ambient temperature to 260 °C does not change significantly, indicating that the processing conditions are not aggressive.
To investigate the onset of mass loss before appreciable oxygen uptake, the following criterion was established, based on the experimental results shown in Table 2 : Considering that the PE/PP mix represents a mixture of all polyolefins and, with exception of the Brown material, gives the highest ∆T 1 > 0, one may suggest that the oxidation process dominates in the majority of recycled polyolefins, indicating susceptibility towards oxidation for these materials.
The following criteria were used to compare transparent polyolefin with pigmented materials, to assess the effect of the different pigments (see Table 2 ).
In nitrogen, the temperature difference ∆T 2 (N 2 ) between pigmented and transparent material allows the following series to be established for accelerated volatilization: As to volatilization in nitrogen atmosphere, Brown recycled polyolefin and Blend 1 showed a high tendency to form volatile compounds.
In synthetic air the temperature difference ∆T 3 (Air) between pigmented and transparent material allows the following series to be established for appreciable oxidation: In synthetic air, the temperature difference ∆T 4 (Air), between pigmented and transparent material, allows the following series to be established with respect to maximum oxygen uptake:
∆T 4 (Air) > 0 Recycled materials: Yellow > Black > White > Transparent. Blends: Blend 3 > Blend 2 > Transparent. ∆T 4 (Air) < 0 Recycled materials: Brown < Gray < Blue < PE/PP mix < Transparent Blends: Blend 1 < Transparent. In relation to the oxidative degradation process Brown, Gray, Blue and PE/PP mix show inferior oxidative resistance in comparison to the transparent material. The same effect is seen for Blend 1, with 100% PE/PP mix.
The investigated sequences lead to simple and reliable recommendations for the mechanical processing of the materials.
Conclusions
A method is proposed for to analyse the thermal behavior of recycled polyolefins. This technique enables the effects of various pigments on volatilization, oxidation and process onset temperatures to be elucidated.
The technique was used to establish a few criteria with which to classify olefin components and blends containing recycled PET, impact modifier, compatibilizer and stabilizers.
It was observed that, in synthetic air, olefin components of waste with pigment of low thermal stability show a synergetic degradation effect for both PE/PP mix and blends. In nitrogen, the synergetic effect was seen as a protection for PE/PP mix and blends by olefin components and high -thermal-stability pigments.
